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Abstract: Today, the use of high-density polyethylene (HDPE) transfer lines is increasing day by day for drinking water,
wastewater, sewerage networks, rainwater drainage lines, water transport structures, and natural energy sources, etc. In
this study, flexible HDPE pipes were embedded in a trench to expose them to variable relative density and different thermal
conditions so that the resulting deformation behavior could be investigated. Displacements and elastic strain values in the
crown and spring line regions were measured. The main aim of this research was to determine the behavior of HDPE pipes
under temperature effects within the framework of geotechnical principles to reflect real field conditions. As a result, pipes
subject to vertical loading were tested under different relative density and thermal conditions. In the experiments carried
out in a silica sandy trench, the deformations increased due to an increase in relative density. The maximum displacements
and bending moment values were obtained at 50°C, which was the maximum thermal condition applied. An increase in
temperature increased the deformation values due to the resulting decrease in the modulus of elasticity.
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1. Introduction

Population growth leads to an increase in needs and demands. To meet those basic needs with a healthy, economical, easy,
and long service life, resources are transported by buried, above-ground, and floating transfer lines such as pipes. From past
to present in the pipeline industry, mostly concrete, reinforced concrete, steel, PVC (polyvinyl chloride) and HDPE pipes
have been preferred due to their advantageous engineering properties. Compared to others, HDPE pipes are widely used across
the world as a type of flexible pipe used for fluid, gas, and solid matter due to their numerous advantages such as high
flexibility, high tensile strength, low production cost, easy installation, suffering minimal impact from underground move-
ments exhibiting a high cracking and impact resistance, low internal surface roughness, allowing subsea processing, resistant
to ultraviolet rays and chemicals, a long service life, and being tasteless and odor-free, which all play an effective role in the
preferential use of HDPE pipe.

In the trench design, it was aimed to predict the possible static and dynamic loads that will affect the HDPE material.
Transfer line installation is conducted by considering the ideal burial depth. In addition, the burial depth should be carefully
calculated to prevent frost heave affecting the installation of the pipes in cold climatic conditions and damaging the system
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(Trautmann & O’Rourke, 1985). It is of great importance to determine the freeze-thaw properties of the system under different
climatic conditions when taking precautions.

The effect of temperature fluctuations plays a significant role in pipe behavior. As a result of frozen water thawing, the
soil texture adopts a porous formation (Ural & Gergin, 2020). Therefore, the bearing capacity, settlement, and collapse mech-
anisms also change under the effect of temperature. Besides changing the material rigidity of polyethylene (PE) products
through factors such as the ambient temperature, the temperature of the transported substance and external effects also affect
the material behavior. Therefore, the service life and failure mechanism of the material when ductile or brittle are related to
the stability and rheological condition of the transfer lines. Since the temperature effect changes the internal structure of the
polymer-based HDPE material under the effect of a load, variable behaviors were observed in the system. In particular, the
high deformation potential of polymer-based materials, which have many advantages within the scope of their intended use,
indicates that the material must be accurately defined, classified, determined, and installed according to its characteristics. In
this respect, the deformation properties of HDPE100 pipes buried in a trench under different relative density conditions (50%,
60%, 70%) and at three different temperature variables (-7°C, 26°C, 50°C) were investigated.

The main reason for the previously mentioned advantages of HDPE materials is that they contain polymer-based chemi-
cally connected structures. HDPE pipes used for their flexibility effectively maintain their serviceability even under extreme
deformations in comparison to rigid pipes. However, when critical stresses are reached at certain temperature values, the
decrease in elasticity modulus (E) resulting in a weakening of the bonds in the polymer structure makes it difficult to maintain
within the allowable deformation limits. This case highlights the importance of establishing optimal compactness under spec-
ified temperature conditions (Polat, 2020). In addition, the magnitude of the load acting on the pipe, the number of load steps,
the loading speed, and the load duration can be given as examples of other parameters that affect the pipe behavior. Before
installation, laboratory tests are important as field tests in terms of design and quality conformity criteria.

In published literature, the cases where many polymer-based materials are exposed to thermal effects have generally been
considered by interpreting tensile tests and the elongation relationships of the material properties. Among these tests, there is
no study that reflects changes in behavior in trenches. In order to determine the real site behaviors in the laboratory, materials
should be tested in accordance with field conditions.

Polyethylene materials have been introduced into the market for commercial purposes over the past four decades and a
high-density was achieved using low pressure. Karl Zieger and Erhard Holzkamp who studied polyethylene at the Kaiser
Wilhelm Institute won the Nobel Prize in chemistry (Gabriel & Moran, 1998; Kapischke & Pries, 2014). Afterwards, Karl
Zieger was deemed worthy of the title of the father of HDPE given his contribution as a result of the techniques he developed
(Seymour, 1989). The internal structure and interactions of a polymer that provides such important advantages can change
according to temperature-dependent structural factors. Due to the molecular structure of polyethylene, it has high insulation
and high strength properties. Therefore, it can be used to transfer important resources such as petrol, natural gas, and water.
All these developments occurred within the scope of the durability provided by the crystal phases in the polymer structure
and the flexibility delivered by the amorphous phases. Thermal effects in these structures cause the bonds shown in Figure 1
to weaken and the material behavior to change.
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Figure 1. A perspective of the polyethylene molecule.

In the development process of polyethylene, valuable studies at the stages of definition, classification, and evaluation have
contributed to the literature and the sector.
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To give an example of the studies examined in this context: In a study investigating the rheological, molecular, thermal, and
mechanical properties of PE products, weight, density, viscosity, melting, crystallization, and stress-strain characteristics were
studied by mixing different percentages of HDPE and linear LDPE (Shaidullin et al., 2020). As a result, the researchers
presented the preferred mixing ratios that deliver the properties required in particular areas of use. In another study, HDPE,
LDPE, and HDPE-LDPE mixtures were tested according to melt strength and drawability criteria (Liang, 2019). As a result,
it was revealed that extrusion temperature and elongation rates are important for the melt strength and drawability of HDPE-
LDPE mixtures during elongation flow. Also, according to the drawability test, the extension load of HDPE samples was
found to be higher than LDPE or the mixtures.

The backbone atoms of HDPE form a zigzag-shaped formation and they form a thermoplastic construction by transforming
the linear structure chain into a cross-linked structure (Callister & Rethwisch, 2015). This situation transforms the HDPE
structure into a polymer that solidifies due to thermal effects, and this layout changes the behavior of the PE. Crystal polymer
density has a direct effect on linear and branched-chain types. Increasing the level of crystallinity provides an improvement
in the PE structure in terms of tensile strength, stiffness, density, and yield.

HDPE materials are produced in two different ways with low pressure or high pressure (Lepoutre, 2013). For both methods,
production temperatures, ideal gas temperatures in the catalytic processes, and optimal product temperatures are controlled
because the temperature effects can be critical, especially for thin sections of HDPE materials, and HDPE exposed to high-
temperature effects. In this respect, it is important to consider temperature effects in the design, installation, application, and
service stages of transfer lines. Another difference between PE products under pressure and temperature is that the HDPE
molecular structure is the long and branched-chain type. In LDPE, this structure is in the form of short and branched lines and
these affect the molecular structure (Cheng, 2008). Therefore, HDPE is flexible because it shows less crystallization as a
result of these formations and has a more durable, dense, and long service life due to the strong bonds it contains.

In addition to these HDPE characteristics, (Tarani et al., 2017) emphasized that HDPE with a thermal conductivity of 0.44
W/m.K has an important position in the sector for the transportation of materials. (Tavman et al., 2011) explained the reason
for these uses in their studies stating that thermal conductivity decreases due to the increase in the quantity of heat. Generally,
HDPE transfer lines are widely preferred in geothermal facilities, hot water transfer lines, and the cooling units of thermal
and nuclear power plants. Therefore, it is necessary to determine the characteristics, behavior, and mechanisms of these lines.
In this context and under the effects of temperature, (Sadr-Al-Sadati & Jalili Ghazizadeh, 2019) examined the flexibility
properties; (Krishnaswamy, 2005) observed longitudinal cracks, ductility effects, and viscoelastic-thermoplastic behavior
along the pipeline in water treatment plants; and (Merah et al., 2006) investigated the decrease in yield strength depending on
the temperature increase.

Apart from the laboratory tests, there are studies in published literature using numerical analysis to examine thermal effects
on HDPE. One of them was conducted on electrofusion-type HDPE pipe joints. Heat treatment was applied in the jointing
processes of HDPE pipes and the integrity of the two separate products was investigated. (Khademi-Zahedi & Alimouri, 2018)
investigated the effects of factors such as soil-structure interaction, traffic loads, internal and external pressure conditions,
and climatic conditions on local stresses in pipe joints. In the numerical analysis performed using ANSYS software, the
stresses on the joints were taken into consideration and the researchers determined the ideal embedment depths within the
scope of these criteria. (Li et al., 2012) remarked that time-dependent temperature has significant effects on HDPE pipe
behavior and stated that pipe thermal expansion is generally neglected while further emphasizing that this factor should be
taken into account. As a result of the numerical analysis obtained by the researchers using the ABAQUS software under
loading, they revealed that the stresses caused by the thermal effects are as crucial as the soil conditions.

In another study, HDPE pipes at 30°C, 40°C, 50°C, 60°C, and 70°C were tested in water using the nonlinear finite element
program Z-Soil. The analysis was used to determine, the secant deformation modulus and yield strength of HDPE pipes
exposed to stress. In addition, it was concluded that the surface pressure and internal pressure performances were higher
between the 30°C and 70°C temperature conditions (Alawaji, 2004).
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A wide range of studies have been conducted on HDPE materials such as tensile tests, thermal effect tests, vertical loading
tests, frost action studies as can be seen in published literature or these tests have been modeled and collectively analyzed by
various software. However, their evaluations were not interpreted together in terms of geotechnical perspective within the
scope of laboratory tests under the effect of temperature, trench, and loading. Considering these effects separately gives pre-
dictable and linear results for behavior, but evaluating all conditions together is crucial in terms of safety, cost, and long
service life. The main aims of this research were to determine the behavior of HDPE pipes under temperature effects within
the frame of geotechnical principles, to reflect the real field conditions realistically, and provide a good understanding of these
conditions.

2. Materials

In the laboratory experiments, silica sand representing the trench and HDPE100 pipes were used. The experiments were
carried out in a rigid test box following the standards, taking into account the boundary conditions. During the experiments,
loading steps and deformation measurements were collected synchronously.

2.1. Silica sand

In the laboratory tests, silica sand was used as a trench material that had no additives and was uniformly compressible. To
reflect equivalent engineering properties in every section of the trench, homogeneous sand was formed in each region of the
test box. Therefore, silica sand with a low coefficient of uniformity was preferred in the study. Silica sand was compacted
into the rigid test box in layers of 10 centimeters for each test. After, for each layer, a 10 kg weight was dropped onto it.
Density and weight controls were performed according to the index properties of silica sand. Characteristic parameters of the
silica sand used in the tests carried out in three different relative density conditions are given in Table 1.

Table 1. Characteristic parameters of silica sand.

Relative density Specific gravity (Gs) 2.65
Criteria 50% 60%  70% Soil class (USCS*) SP
Weight per unit volume (y; kN/m®) | 14.7 16.0  16.6 Coefficient of uniformity (Cu) 211
Angle of internal friction (¢°) | 33 36 39  Effective diameter 0.198
Elasticity modulus (E) MPa | 34 57 68  Coefficient of curvature (Cc) 0.32

*Unified soil classification system (ASTM D2487_06, 2006).

Silica sand used in the tests was acquired from Sile, Istanbul. Washing, enrichment, classification, and dewatering pro-
cesses were conducted on the silica sand. The sand prepared by the producer was untouched by human hands with a maximum
AFS clay of 0.5%o, a maximum humidity of 7%o, and a degree of homogeneity of 70%o or above.

2.2. HDPE100 pipe

High quality and standardization are very important in the production process. Therefore, comprehensive experiments were
carried out in the R&D laboratories of the company from which the HDPE pipes were supplied. In the laboratory experiments,
pipes were tested under quality and conformity criteria such as pipe diameter, pipe curvature, wall thickness, and polyethylene
content. At the onset of every test identical and undisturbed pipes were used. After testing finished, each pipe was examined
for deformation. Engineering properties and chemical properties obtained from the R&D tests on the pipes are indicated in
Table 2.

Table 2. Technical data of HDPE pipe.

Elasticity modulus (E) Density (y) Poisson ratio (v) Production temperature
900 MPa 0.945 - 0.965 g/cm?® 0.42 >100°
Crystal structure ratio Transparency ratio Melting point Rupture stress at 23°C
90% 90% - 95% 135° >21 MPa
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The pipe had an outside diameter of 280 mm and a wall thickness of 9.8 mm. The length of the HDPE pipe specimen
selected was 500 mm according to the rigid test box dimensions. The regions of the pipes are denominated the crown at the
top, the springlines (left & right) at the sides, and the invert at the bottom. For standardization of experiments and calibration
of measurements, pipes were produced at minimum speed as equivalent as possible. Also, quality and conformity criteria
were performed for each pipe sample. As a result, it was determined that all pipe samples conformed to the standards and
were almost identical.

2.3. Rigid test box

As a result of the observations in the studies investigating the soil-pipe interactions, the depth of the test box should be at
least 1.5 times the pipe diameter (Laidlaw, 1999; Terzi, 2007). 280 mm diameter pipes were used in the laboratory experiments
and the width between 640 - 690 mm was approved for the (ASTM D2321-00, 2000) standard. Accordingly, there are no
breaches in terms of boundary conditions since the rigid test box width used in tests is 700 mm.

3. Testing procedure
3.1. Sand filling

Primarily, a 150 mm bedding layer was placed and compressed inside the trench. The HDPE pipe was positioned on this
bedding layer. Then a 500 mm layer was placed on the HDPE pipe under controlled relative density conditions.

3.2. Loading

Vertical loading was carried out by applying air pressure to the flat-sectioned rubber membrane positioned on the sand fill.
During loading, a compressor with a capacity of 12 bar (1200 kPa) incrementally pressurized the rubber membrane every
minute. In each stress step, 0.5 bar was increased. The loading process was continued until the deformations stabilized and
the stresses were absorbed in the trench. The experiments were completed by applying an ultimate vertical load of 400 kPa to
the soil surface.

3.3. Measurements

Vertical and lateral deformations of the pipe section were measured by linear variable differential transformers (LVDTS)
and strain gauges at the midpoint of the pipe. LVDTs were positioned to the crown and springline of the HDPE pipe. Strain
gauges were bonded on the crown, springlines (left and right), and base region so that the bending moment values could be
calculated. The pressure values in the loading stage were read by a tire pressure gauge integrated into the rubber membrane.
Simultaneously, the deformation values were taken by the data acquisition unit. Additionally, the values of deformation,
temperature, and loading were observed instantly with cameras and synchronized. The displacement values of the crown
region and springlines from the midpoint of the pipe length were obtained by using LVDTSs. Mechanical measurements of the
vertical displacements of the crown and the horizontal displacement of the springlines were determined.

The bending moments (Mg) occurring in the crown and springlines were read by strain gauges. The strain is the amount of
deformation of a body due to an applied force (Patel & Srinivas, 2012). In the study, strains were calculated according to the
equations in the manuals of the company that provided the strain gauges. Bending moments were found as a result of the
strain values gathered according to millivolt changes. Thus, enforced zones of the pipe section were detected under vertical
load in all temperature conditions. The resistance of connecting cables changes under the temperature effect. A change in the
ambient temperature of 1-2°C changes the strain values by 10 to 20 pe. These criteria were taken into account in the strain
calculations. The formation of LVDTSs and strain gauges on the pipe section is shown in Figure 2.
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Figure 2. Formation of LVDTs and strain gauges.
3.4. Heat application

The temperature effect applied to the HDPE pipe samples was affected by using thermal stripes. A temperature sensor
placed on thermal stripes is connected to the control panel. The temperature is kept stable at 50°C and vertical stress begins
under this condition. During the experiments, thermal stripes work continuously. The heating system installed on the HDPE
transfer line is given in Figure 3. Thermal stripes are wound loosely not to affect deformation values.

Figure 3. HDPE pipe and thermal stripes.

3.5. Cooling

In the cooling system, bent copper pipes were used to provide the -7°C coldness. Helical copper pipes were located in the
system connected to an air conditioner. The experiments were conducted at -7°C with reference to the control panel on the air
conditioner. During the experiments, the ambient conditions were fixed between -7°C and -8°C. The system installed for
cooling operations and after the installation is completed, the final form of the test system is as in Figure 4.
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B edding Layer

Figure 4. Cooling process and test system.

4. Test results and discussion

This study examined the deformation behavior of HDPE transfer lines buried in a trench under different relative density
conditions and thermal effects. As a result of the laboratory experiments carried out under the effect of loading and tempera-
ture for 50%, 60%, and 70% relative density (Rd) conditions, vertical displacements at the crown, and average lateral dis-
placements at the springline region are given in Figures 5, respectively. In the graphs, heat application, room conditions, and
cooling process are shown in red, black, and blue lines, respectively.
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Figure 5. Vertical and lateral displacements for 50%, 60%, and 70% relative density condition at -7°C,
+26°C, and +50°C.

In all experiments, the displacement values at the crown of the pipe decreased as a result of the increase in the relative
density of soil. In the experiments conducted at room temperature conditions (+26°C) deformations for both crown and spring-
lines were found to be lower than for other conditions. As expected, the greatest deformation levels were observed at +50°C
for the crown and springlines of the pipe, under similar conditions for all relative density cases. Because of the increasing
flexibility and the decreasing elasticity modulus observed due to the temperature increase, the HDPE materials changed shape.
In addition, for all relative density conditions, the deformation data obtained at -7°C showed closer results to room temperature
conditions (+26°C) compared to +50°C. In this respect, an increase from 24 to 25°C showed more deformation than a tem-

perature decrease from 32 to 33°C.

In this study, the engineering properties and behavior of buried flexible HDPE pipes under thermal and cooling effects
were investigated. Results revealed that the rigidity of the polymer-based HDPE material decreased under temperature. As
stated above, it was observed that even a difference of 24 to 25°C caused a significant decrease in pipe rigidity. The bending
moment values evaluated in the data loggers within the scope of the experiments are presented in Figure 6 for the crown

region (a), springline (b), and invert (c), respectively.
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Figure 6. Bending moments for crown (a), springline (b), and invert (c) regions at -7°C, +26°C, and

+50°C.

In the tests carried out at +50°C, both crown and springlines were found to be 45% more than the experiments performed
at +26°C. On the other hand, the decisive role of thermal effects in bending moment increases was obvious. It is an undoubted
fact that the thermoplastic-viscoelastic characteristics of the HDPE materials are the main factor in the results that emerged.

According to the standards and published literature research, it is recommended that a dense bedding layer is used for
flexible pipes and a relatively med-dense bedding layer is used for rigid pipes. In contrast, a loose bedding layer causes
excessive vertical movement of the pipe in flexible pipeline applications and a dense bedding layer causes additional stress in
rigid pipeline applications (Al-Mosawe et al., 2020; Howard & Rahman, 2020). Given this framework, the bedding layer was
filled and fully compacted since flexible pipes were used in this study. Minimal bending moments were observed in the invert
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region for all experiments, as expected given they were filled in accordance with the references. In addition, the bending
moment values under variable temperature and relative density conditions gave results in parallel with the displacements read
from LVDTSs for all the experiments.

As a result of comprehensive laboratory experiments, it was found that temperature conditions as well as relative density
and loading conditions, caused significant behavioral changes. The relative density of the trench increased the bedding capa-
bility of the soil along the vertical and lateral axes, and it increased the load-bearing characteristics in the pipe section. For
the densest soil cases under all variable temperature conditions, the absorption of the stresses from the trench surface, and the
measured deformations at the pipe walls showed significant decreases compared to the loosest soil cases.

5. Conclusions

The results obtained within the scope of thermal and cooling processes applied to the HDPE transfer lines are as follows:

1. The controlled temperature values applied with the thermal stripes placed on the pipe sample became determinant in
the behavior of the pipe due to the characteristic features of the polymer material over each temperature range. Thus,
the displacement values for both crown and springlines of the pipe section increased with temperature increases.

2. Finally, this study emphasized that the effects of temperature both during and after the production process in pipe
design and quality-compliance tests should be examined together with the physical factors affecting the HDPE pipe.
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